Avian species diversity and territory location are often associated with sharp forest edges, or boundaries. However, our understanding of behaviours underlying avian distribution near forest boundaries, especially species with large home ranges, remains poor. In a two-year study, we measured chickadee flock movements in forests at 0-300 m from boundaries in an agricultural landscape near Edmonton, Alberta, Canada. Even though flocks foraged in all forested parts of the study area, only six of the 53 flocks studied foraged further from forest boundaries than expected if they had used their home range irrespectively of the distance to boundaries. We found no evidence that the association of chickadee flocks to forest boundaries resulted from vegetation changes near boundaries, or to changes in their foraging sites and foraging success near boundaries. However, chickadee flocks moved parallel to boundaries (B 75 m away) twice as frequently as expected from random movement, thus suggesting that forest boundaries act as movement conduits. Even when birds do not apparently seek special features near forest boundaries, they may be closely associated with them, simply because their passive movements are constrained by habitat barriers defined by boundaries.
Most landscapes are spatially heterogeneous with respect to their composition and configuration (Forman 1995) . Depending on how patches composing landscapes are defined (Kotliar and Wiens 1990) , their edges can be characterised according to length, width, sharpness, continuity and shape (Fortin 1994 , Forman 1995 . Sharp edges (hereafter, boundaries) affect neighbouring forest vegetation (e.g., Ranney et al. 1981 , Chen et al. 1992 , arthropod abundance (Burke and Nol 1998 , Jokimäki et al. 1998 , Haddad and Baum 1999 as well as weather (Blake 1987) , which can in turn affect animals. Bird species diversity and territory location (Yahner 1988) , as well as increased nest predation and brood parasitism (Paton 1994 , Murcia 1995 , have traditionally been the focus of studies of avian responses to forest boundaries. However, recent studies point to a broader array of avian responses, in terms of foraging patterns inside the nesting (Huhta et al. 1999) or wintering (Dolby and Grubb 1999) territory, and nest location (Kuitunen and Mäkinen 1993, Burke and Nol 1998) .
Despite the abundance of sharp boundaries in fragmented ecosystems (Saunders et al. 1991, Fahrig and Merriam 1994) , and their effects on the distribution and behaviour of birds, our understanding of mechanisms leading to avian patterns of distribution near edges (edge effects) is usually limited to speculation. The spatial scale at which edge effects operate is often at issue, because we know little about how forest birds actually behave near boundaries delineated by adjoining open areas, especially for species that have home ranges large enough to encompass boundaries and forest interior. Our poor understanding of the mechanisms underlying avian distribution near forest boundaries weakens the frequent recommendations on the conservation of ''forest-edge'' and ''forest-interior'' species, let alone generalisations to situations other than songbird pairs during the breeding season. The rapid development of movement ecology as a framework to analyse responses of animals to landscape configuration has revived interest in the study of edges, particularly sharp boundaries (Wiens 1995 , Turchin 1998 and may hold the key to a better understanding of how birds respond to ecological boundaries. For example, boundaries can act as filters or movement conduits, as has been shown in invertebrates (Wiens et al. 1997 , Haddad 1999 , mammals (Kozakiewicz 1993) and recently, birds (Machtans et al. 1996 , Desrochers and Hannon 1997 .
In this paper, we show how winter flocks of blackcapped chickadees (Poecile atricapillus) are associated with forest boundaries within their large home ranges. We assess non-exclusive hypotheses in order to explain their response to forest boundaries. More specifically, we test whether flocks respond to boundaries because of (1) vegetation changes near boundaries (vegetation hypothesis), (2) changes in foraging sites and foraging success near boundaries (food hypothesis), or (3) movement patterns intercepted and channelled by boundaries (movement conduit hypothesis). We also assess the influence of weather on the occurrence of chickadees near boundaries.
Study area and methods
Field work was conducted at the Meanook Biological Research Station, Alberta, Canada (54°37% N, 113°20% W) in the winters of 1985-1986 and 1986-1987 . The 471.6-ha study area was composed of deciduous forest (388.9 ha) interspersed with hay fields (Fig. 1) . Aspen (Populus tremuloides) was the dominant tree species (see below).
Measuring response to boundaries
About 95% of chickadees in the study area were marked with unique combinations of coloured leg bands to which strips of electrician's tape of the corresponding colour were attached for enhanced visibility. Three hundred and twenty marked birds were studied in a first flocking season (9 July 1985 -16 March 1986 and 363 in the following season (19 July 1986 -24 March 1987 , corresponding to 27 and 26 flocks in both periods, respectively. Flock membership, as determined from individually marked birds, was stable from October to March (A. Desrochers unpubl.) , and composed mainly ( \75%) of different individuals from one year to the next in a given location. Thus, we considered flocks as independent social units. Mean flock size was 8.1 in early winter of both years (range 4 -11; Desrochers et al. 1988 ).
Each flock was followed by foot during 1 -26 periods (median= 6 periods, 1 period per day in 91% cases, max. 3 periods per day in 1.7 % cases). Each period extended from 1 to 255 min (median = 20 min). New locations within a period were recorded either 5 min following the last observation or when distance travelled since the last location was \ 10 m. Locations of flocks (estimated centre) were recorded on daily maps of the study area, with an estimated accuracy of 10 m, based on a detailed knowledge of the study area and its numerous landmarks and trails. No location was recorded within 5 min of flock discovery, and all observations of aggregations of more than one flock were deleted before analysis, to keep interactions between flocks from confusing interpretation of results. All locations were included in a geographical information system (Environmental Systems Research Institute 1996) which was used to calculate distances to the nearest forest boundary from each location.
Flock path lengths during each observation period varied from 0 to 2740 m (median =215.4 m). There was no discovery bias, i.e. no relationship between distance to forest boundary and time elapsed since the beginning of an observation period (R 2 = 0.001, F 1,3217 = 2.7, P= 0.1). However, since observation periods cannot be considered independent because of distinct flock home ranges, we analysed mean distances to the nearest forest boundaries obtained from each flock to maintain statistical independence between observations.
To assess whether chickadees foraged at random distances to forest boundaries, we designed a null hypothesis for each flock in three steps. First, we plotted a minimum convex polygon of the home range of each flock (based on all locations). Second, we generated a grid of points each separated by 10 m in forested parts of each home range. Third, we calculated the mean distance of grid points to forest boundaries, separately for each home range. We predicted that if chickadee flocks respond to boundaries in their foraging movements, their mean distance to boundaries should be different from the mean distance of all woodland in their home range to boundaries (pairs of observations nested within flocks).
Vegetation hypothesis
To determine whether vegetation characteristics were influenced by proximity to boundaries, we used data on vegetation collected in the study area in July and August 1986. Vegetation plots were placed at distances to boundaries ranging from 0 to 274 m (median 42 m), distributed over the home ranges of 47 of the 53 flocks. Vegetation data were obtained from a modified version of the point-centred quarter sampling method (Gysel and Lyon 1980) , on 128 points. Since shrubby vegetation often responds strongly to forest boundaries (Forman 1995), we estimated shrub cover ( B 1 m height) visually using five quantiles. We measured canopy height at each plot with a clinometer. Given that chickadees forage mostly in trees, we also measured tree species, diameter at breast height, state (dead or alive), and density (distance from centre of plot) in eight 45°s ectors delimited with a compass. One sector was missing in eight plots located near boundaries because of lack of trees toward the open area. We grouped plots into three unequal distance categories, 0-10 m, 10 -50 m, and \50 m, to capture possible relationships strongest near boundaries, but weaker at greater distances to boundaries.
Food hypothesis
Movements of foraging chickadee flocks may be influenced by variation in food availability in relation to distance to boundaries. In a parallel study, we observed 46 colour marked individuals from eight winter flocks from 21 January 1986 to 24 February 1986 and from 12 December 1986 to 12 February 1987 (for details see Desrochers 1989) . Observations were made only with single flocks, i.e., not interacting with other flocks. We recorded whether focal birds found large prey within each 60-s interval. Large prey were defined as subjected to more than one peck; other prey items did not contribute a significant proportion of the diet (Desrochers 1989) . We recorded five behavioural states by focal birds at 60-s intervals by instantaneous sampling (Altmann 1974) with an electronic metronome and a portable audio-cassette recorder. Behavioural states were (1) searching, (2) pecking, (3) handling prey, (4) flying, and (5) other. With the same sampling method, we recorded foraging sites visited by focal birds. Foraging sites were described with four measures: (1) height of bird above ground, (2) relative vertical position of bird in tree, (3) horizontal position of bird from branch tip to trunk, and (4) foraging substrate (trunk or branch). Sixty-second intervals were sufficient to avoid most temporal autocorrelation of data for given birds (Desrochers 1989) . Nevertheless, because it was not possible to record flock locations simultaneously to each observation of behaviour, 82% of foraging records used for analysis were spaced by at least 5 min.
Observations started approximately 30 min after discovering a flock to minimise bias caused by initial disturbance. We observed individuals for 15 min each, and the sequence of flock members to be observed within one day was determined at random. Each individual was observed for approximately 1 h (Desrochers 1989) . To assess relationships between foraging and distance to boundaries, we grouped foraging locations into three unequal distance categories, 0 -10 m, 10 -50 m, and \ 50 m, for the same reason as the previous hypothesis.
Movement conduit hypothesis
Because of their reluctance to venture into open areas, chickadee flocks will be constrained in their foraging movements upon encounters with a boundary, even near narrow gaps (B10 m) in the forest . Such a constraint may have no effect on time spent near boundaries if flocks ''bounce'' on boundaries and take a new direction at random. However, boundaries may also channel movements of flocks, particularly if flocks direct their movements toward a destination across the open area defined by the boundary, since they provide the shortest routes with no flight into the open. If forest boundaries channel movements, two patterns should emerge. First, we predict that flock will travel in directed paths, rather than randomly (sensu Nams 1996) , within the limits of their home range. To assess this prediction, we measured the fractal dimension of flock movement patterns, and compared it at different spatial scales, with Fractal 3.14 (Nams 1999), with the prediction that movements linearise at increasingly small spatial scales. Fractal dimension of movement paths can vary from 1.0 (straight line) to 2.0 (random path filling a plane). Second, and more importantly, we predict that chickadee flocks will tend to move parallel to boundaries when near them, unlike when they move deep inside the forest. We measured the conduit effect by taking the sine of each segment (step) of observed movement paths relative to the nearest boundary (Fig. 2 ). An index of movement along boundaries was computed by dividing the number of movement segments at angles B20°relative to the nearest boundary (movements along boundaries) by the total number of segments at a given distance from a boundary.
Finally, we measured the relationship between local wind and ambient temperature on boundary use by flocks. Wind force was estimated in two categories, none ( B10 km/h) and moderate to strong. Ambient air temperature during daily observations was obtained by calculating the mean of temperatures at the centre of the study area at the beginning and at the end of daily observations. Weather conditions were recorded only during days in which observations of foraging behaviour were made (n= 92).
Results

Response to boundaries by chickadees
Because of the forest-field mosaic of our study area (Fig. 1) , no part of the woodland habitat was further than 300 m from an open area (Fig. 3) . All forested parts of the study area belonged to the home range of at least one chickadee flock (mean home range size 22.4 ha, range 6.5 -51.2 ha). Chickadees foraged at all distances from boundaries, but with a disproportionate use of woodland B20 m from boundaries (Fig.  3) . While mean distance to forest boundaries varied greatly among flocks (range: 17 -167 m, n =53), only six of the 53 flocks studied foraged more frequently in the forest-interior part of their home range than expected by mean boundary distance inside their home ranges (Fig. 4) . Chickadees foraged 15 9 2 m (mean9SE) closer to boundaries than expected if they had used their home range irrespectively of the distance to boundaries (paired t-test, t = 6.5, df = 52, PB 0.001). However, the tendency to forage near boundaries (relative to availability) was smaller in flocks with home ranges with little forest interior ( Fig. 4 ; R 2 = 0.34, F 1,51 = 26.5, PB 0.001). The latter relationship and the proximity of the intercept to zero (Fig. 4) are not surprising, because of the fact that there is no possibility for a flock to respond to boundary distance when the latter does not vary.
Thirty-three percent of the 92 d of observations had moderate to strong winds, and temperatures ranged from − 27°C to + 4°C (mean − 4.9°C) in the same period. To test whether responses to boundaries by chickadee flocks depended on weather conditions, we conducted a model II ANOVA (random effects) with temperature and wind effects nested within flock. We used type IV sums of squares owing to missing data in some cells. Distances of flocks to boundaries were unrelated to wind and ambient temperature as well as the interaction between wind and temperature (F 7,36 B 1.0, P\ 0.3). 
Vegetation hypothesis
Arboreal and shrubby vegetation characteristics were remarkably similar throughout the study area, at least with respect to boundaries (Table 1) . Apart from occasional clumps of willows, the canopy was dominated by aspen and few other tree species were found. Eighty percent of all trees were either aspen, balsam poplar (P. balsamifera), birch (Betula papyrifera) or willow (Salix sp.). So, vegetation cannot explain movement patterns of chickadee flocks with respect to boundaries.
Food hypothesis
Observations of foraging behaviour were made at distances to boundaries ranging from 0 to 251 m (median 44 m). Individuals varied greatly with respect to foraging location on trees (28%-41% variance explained, depending on variable used; P B0.01) and proportion of time spent searching on trunks (x 45 2 =106, PB 0.001). The proportion of time spent pecking also varied greatly among individuals (x 45 2 =111, PB 0.001) but chickadees did not differ significantly with respect to large prey intake rate (x 45 2 =51.1, P=0.2). However, after accounting for variation among individuals (random statistical effect), foraging sites and time budgets were not related to distance to boundaries (Table 2) . Additionally, foraging success, as measured from large prey taken, did not vary significantly with distance to boundaries ( Table 2) .
Movement conduit hypothesis
Fractal values calculated at different spatial scales show that paths of flocks were relatively straight over small (B100 m) distances but became progressively more tortuous over scales corresponding to home range sizes (Fig. 5) . Thus, chickadee flock movements were directed over small spatial scales (i.e., within parts of their home ranges), even though they were constrained to their home range limits. Furthermore, movement direction was associated to the proximity of forest boundaries. Mean variance in movement direction relative to a boundary was smaller near boundaries (B 20 m) than at greater distances from boundaries (paired t-test, n= 51 flocks, t = 6.4, P B 0.001). Only four of the 51 flocks for which data were available exhibited a greater tendency to move parallel to boundaries when away from boundaries. After accounting for variation among observation periods (logistic regression, x 385,2271 2 = 873, PB0.0001), there was a significant effect of distance from a boundary on the probability of moving parallel to the boundary (x 1,2271 2 = 77.2, P B 0.0001). Movements of chickadee flocks parallel to boundaries were more than twice as frequent as expected from random movement when flocks were B 75 m from a boundary, and the influence of boundaries was noticeable at distances as high as 125 m (Fig. 6) . Thus, chickadee flocks moved parallel to boundaries more frequently near boundaries than in the forest interior, and this pattern remained true whether each flock or each path was studied individually.
Discussion
Despite the fact that home ranges of chickadee flocks were found in all forested parts of the study area, irrespective of forest boundaries, chickadee flocks strongly responded to forest boundaries, which functioned as movement conduits within home ranges. Thus, forest boundaries influenced daily movements more than home range location. The high occurrence of chickadees near forest boundaries provides additional support for the frequent claim that forest boundaries attract high numbers of birds (reviewed by Fleming and Giuliano 1998) . In contrast to our study, others considered chickadees as ''edge-independent'' (Whitcomb et al. 1981 , Howe 1984 , Askins et al. 1987 , Freemark and Collins 1992 , Germaine et al. 1997 ; but see Hawrot and Table 1 . Vegetation structure and composition according to distance to forest boundaries in the Meanook study area. Means are followed by their standard errors. Niemi 1996), but their focus was on territory location, a different scale from that used in this study. This indicates that the response of birds to forest boundaries depends on spatial scale. Unfortunately, because of their sampling approach (often point counts or transects) published studies of birds vs forest boundaries seldom distinguish home range location vs movements within home range or territory, and this shortcoming may explain why results are often inconsistent among studies. However, methodological inconsistencies are only part of our limited understanding of responses to boundaries by birds. Additional confusion stems from the interpretation of avoidance of small forest patches as evidence of preference for forest interior (or the converse), even though these may be two unrelated mechanisms, as argued by Villard (1998) . To date, only a few studies have distinguished clearly those processes (e.g., Drolet et al. 1999, Villard et al. 1999 and references therein) .
Kruskal-Wallis
Clues as to what proximate factors explain avian distribution near forest boundaries require behavioural observations, or methods centred on a specific aspect of behaviour like foraging or nest site selection. Surprisingly few studies have documented specific behavioural responses of individual birds which do establish themselves near ( B200 m) forest boundaries. In one of the few published studies of wintering bird responses to forest boundaries, Dolby and Grubb (1999) concluded that weather significantly affects bird distribution within forest patches. Despite microclimatic changes near forest edges (reviewed by McCollin 1998), we were unable to document responses to weather by chickadee flocks, owing possibly to the small range of conditions during observation periods, especially regarding wind speed. Other studies of behavioural responses of birds to forest boundaries were conducted during the breeding season. Kuitunen and Mäkinen (1993) demonstrated that breeding treecreepers, Certhia familiaris, avoided nest boxes placed near ( B 100 m) forest boundaries. Similarly, Huhta et al. (1999) showed that pied flycatchers Ficedula hypoleuca preferred nest boxes away (\50 m) from forest boundaries to those nearer to boundaries. Lambert and Hannon (2000) documented a shift in ovenbird (Seiurus aurocapillus) territory location in response to forest boundaries created B 100 m away by clearcuts in the preceding year.
Attraction to vegetation or food
Vegetation near forest boundaries is often different from that of the forest interior in temperate forests (e.g., Matlack 1994, Boutin and Jobin 1998) . Even though vegetation typically changes within short distances ( B 10 m) from forest boundaries (Boutin and Fig. 5 . Relationship between path tortuosity of chickadee flocks and spatial scale. Path tortuosity is lowest (straight line) at fractal dimension D =1.0 (e.g., Wiens et al. 1995) . Spatial scale is the length of segments sampled from paths to calculate fractal D. Thirty-three flock movement paths, each extending \ 1000 m, were resampled 17 -28 times each to estimate D. Each resample consisted of a series of points selected at regular intervals (according to scale) along paths, from random starting points. Vertical bars represent standard errors, based on n = 10 -200 fractal dimension estimates each. A logarithmic function was fitted. ments of root voles, Microtus oeconomus, like those of chickadees in this study, were channelled to varying degrees in relation with corridor widths, and thus, proximity to boundaries. Based on autumn capture rates in mist nets, Dmowski and Kozakiewicz (1990) reported a higher flow of birds near the edge of a shrubby patch relative to its interior, which they interpreted as a conduit effect. Also, Machtans et al. (1996) had higher capture rates near forest-lake boundaries than away from them. Similarly, Grindal and Brigham (1999) suggested that bats Myotis sp. prefer foraging along forest boundaries because of their role as guides to their movements in the landscape.
The role of forest boundaries as conduits was not limited to flocks foraging immediately alongside them. Flocks also tended to move parallel to boundaries as far as 100 m away, suggesting that even sizeable forest fragments in agriculture or urban-dominated landscapes may act as movement conduits (sensu Forman 1995) . Why should chickadees respond to boundaries at such distances? We propose two explanations. First, chickadee flocks occupy relatively large areas at any moment, with the distance between the two furthest flock members often exceeding 50 m (AD pers. obs.). Second, since flocks tended not to re-visit recently used sites (low fractal D over distances of B 100 m; Fig. 5 ), their movements away from boundaries may to some extent be determined (mirrored) by previous movements parallel to boundaries.
Conclusion
The main points from this study are that (1) responses to forest boundaries by birds can vary greatly depending on whether territory settlement or foraging patterns are studied, and that (2) even in cases where animals are not attracted by some special feature of forest boundaries, they may exhibit a close association with boundaries, given their role as conduits alongside habitat barriers. Our case study provides an example of how observations of animal movements can help understand how patches in heterogeneous landscapes function, a point already advocated by others (e.g., Wiens et al. 1993 , Andreassen et al. 1996 , Lima and Zollner 1996 . We further emphasize the need for considering the spatial scale and the behavioural underpinnings of observed distribution patterns near ecosystem boundaries, in order to avoid or at least explain some of the inconsistencies in our knowledge of the role of ecosystem boundaries in animal and landscape ecology.
Jobin 1998), broader vegetation gradients can occur and may partly explain avian abundance and diversity, as suggested by Strelke and Dickson (1980) and Morgan and Gates (1982) . However, it is unlikely that chickadees were affected by changes in vegetation along boundaries in our study area, given the vegetation characteristics measured and the large sample size (n= 128). It is possible however that arthropod density varied near boundaries, as documented elsewhere (e.g., Jokimäki et al. 1998 ), but the response to possible changes in arthropod density by chickadees was subtle or nonexistent, at least during the coldest parts of the study periods, when observations of foraging were made. Again, we suggest that the lack of relationships between foraging behaviour and proximity to boundaries cannot be explained by lack of statistical power given the sample sizes.
Boundaries as conduits
A seldom-cited, yet potentially important cause for associations of non-dispersing birds with forest boundaries is the possible tendency of birds to move alongside boundaries while foraging. The pioneering work by Bider (1968) already pointed to this process, which is now considered one of the basic functions of boundaries (Forman 1995: 96) . Recent simulation studies addressed the effects of various possible reactions to boundaries and emphasised the need for empirical data to evaluate theoretical models (Tischendorf and Wissel 1997 and references therein) . Yet, to our knowledge, only Andreassen et al. (1996) have provided a direct empirical, assessment of vertebrate behaviour upon encounters with sharp boundaries. In their study, move-B. Drolet, L. Brotons, J. Bourque, M. Mazerolle and M. Darveau provided useful comments on the manuscript. This study was funded by grants from FCAR, NSERC, and CRBF to A. Desrochers and M.-J. Fortin, and field work by a NSERC grant to S. J. Hannon.
